In diabetes, a common and debilitating chronic disease, peripheral diabetic neuropathy (PDN) is the most frequent complication, occurring in about two-thirds of the patients (1, 2) . At least one-third of patients with diabetes experience painful symptoms including hyperalgesia and/or allodynia as well as spontaneous pain in the form of burning or tingling, despite the degeneration of peripheral nerves (3) . Eventually, these painful symptoms usually subside as the disabling pain is replaced by the complete loss of sensation. Both intractable pain and loss of sensation have significant adverse effects on quality-of-life measures. Unfortunately, current treatment options are unable to reverse these symptoms.
Pain-sensing sensory neurons, or nociceptors, can be sensitized (become hyperexcitable) by various mechanisms in response to the pathological conditions or peripheral tissue injury associated with diabetes. Multiple pathogenic mechanisms, such as the formation of intracellular advanced glycation end products, inflammatory cytokines, increased aldose reductase activity, and oxidative stress, may contribute to the impaired function of sensory neurons in animals with PDN. However, multiple preclinical and clinical studies that aimed to target several of these mechanisms while simultaneously ensuring proper blood glucose control were unable to provide definite and complete pain relief (1, 2) . Importantly, currently available therapies are only partially effective and are often associated with serious side effects. For example, Ca V 2.2 channels (N-type) and their regulatory subunit a2d are considered a major cellular target for the anticonvulsants gabapentin and pregabalin, which are commonly used to relieve diabetes-induced pain in humans and other animals. However, more than 50% of patients using gabapentin or pregabalin experience side effects, such as excessive sedation, ataxia, dizziness, euphoria, and weight gain, all of which limit its clinical use (1) .
Several studies conducted in recent years have reported on the plasticity of various ion channels expressed in nociceptive sensory neurons, also known as dorsal root ganglion (DRG) neurons, which play a critical role in modulating overall cellular excitability. These findings are both important and relevant, as increased excitability of sensory neurons is believed to contribute directly to the development and maintenance of painful symptoms, including hyperalgesia, allodynia, and/or spontaneous pain. Recent studies have shown that the Ca V 3.2 isoform of T-type voltage-gated calcium channels is heavily expressed in the DRG cells and dorsal horn (DH) of the spinal cord and plays a distinct role in supporting pathological pain in animal models of PDN induced by both type 1 and type 2 diabetes (4-6). Additional studies have documented the upregulation of pronociceptive ion channels (such as purinergic receptors [7] ; voltage-gated sodium channels, particularly the Na V 1.7 and Na V 1.8 isoforms [8, 9] ; and the vanilloid family of ligand-gated channels, particularly transient receptor potential cation channel, subfamily V, member 1 [TRPV1] [10] ) within the sensory neurons in animal models of diabetes. In contrast, there is a decrease in the function of the main inhibitory drive in the DH neurons mediated by the g-aminobutyric acid (GABA)ergic system, which causes disinhibition of spinal nociceptive processing in PDN (11) . Figure 1 summarizes how different pronociceptive ion channels expressed in peripheral nerve terminals in skin, cell somas in DRG, and central terminals of sensory neurons may work together with spinal GABA-mediated dysfunction to increase the sensitization of pain responses under diabetic conditions.
In this issue, a study by Zhang et al. (12) sheds more light on the issue of abnormal regulation of nociceptive ion channels in sensory neurons in animal models of type 1 diabetes. Here, they investigate the role of nuclear factor-kB in the regulation of purinergic receptor P2X ligand-gated ion channel 3 (P2X3R) plasticity in DRG neurons in rats with painful PDN. First, they show that the injection of nonspecific purinergic receptor antagonists suramin and A-317491 directly into the peripheral receptive fields of sensory neurons is able to attenuate thermal and mechanical hypersensitivity in diabetic rats with minimal effect in healthy rats. The subsequent use of immunohistochemistry and patch-clamp recordings demonstrate enhanced protein expression of P2X3Rs and ATP-induced currents in DRG somas of cutaneous afferents. Finally, through the use of sophisticated molecular biology techniques, the authors elucidate an epigenetic mechanism of P2X3R dysregulation in diabetic rats. More specifically, the delivery of a lentoviral vector encoding small interfering RNA against the p65 gene (a subunit of nuclear factor-kB) and the pharmacological inhibition of p65 demonstrate that in vivo knockdown of this gene effectively reverses diabetic hyperalgesia. To ensure that the observed changes in the expression of p65 are not a result of the presumed toxicity of streptozocin itself, the authors provide additional proof by showing that a similar reversal in expression is observed once efforts are made to maintain proper blood glucose regulation in diabetic rats via insulin injections. Overall, these data indicate that p65 plays a supportive role in diabetic hyperalgesia via the epigenetic regulation of the function of P2X3Rs in peripheral sensory neurons. It is tempting to propose that similar mechanisms may exist in the central terminals of DRG neurons in the DH given that P2X3Rs are also implicated in supporting excitatory transmission in the DRG-DH synapse (13, 14) . However, the current study does not examine if similar pathways play a role in animal models of type 2 diabetes, which better mimic human diabetes due to the slower development of hyperglycemia.
Aberrant regulation of nociceptive ion channels in sensory neurons and ensuing hyperexcitability may be contributing factors to the painful symptoms of PDN. For example, it was shown that posttranslational modification Figure 1 -Proposed mechanism of diabetic hyperalgesia with dysregulated ion channels in pain pathway. A: Simplified model of nociception under normal conditions. Free nerve endings transduce a painful stimulus into a neural signal, which propagates to DRG centrally and eventually synapses on a nociceptive neuron within the DH of the spinal cord. The information encoded in the signal is carried via the spinothalamic tract to the processing areas of the brain. Activity of pronociceptive Ca V 3.2, Ca V 2.2, TRPV1, Na V 1.7, Na V 1.8, and P2X3 channels in sensory neurons is counterbalanced by inhibition in the DH neurons mediated by GABA A receptors. B: Proposed model of nociception under conditions of diabetic hyperalgesia and allodynia. A pain signal augmented by upregulated pronociceptive ion channels in sensory neurons is carried toward the DH, where it is further augmented by a hypoactive GABAergic system and subsequently diminished inhibition from an inhibitory interneuron. NMDAR, N-Methyl-D-aspartate receptors.
via glycosylation of specific extracellular asparagine residues of Ca V 3.2 T-channels in sensory neurons under conditions of hyperglycemia led to increased channel activity and membrane expression (15) . Furthermore, posttranslational modification of the Na V 1.8 and transient receptor potential cation channel, subfamily A, member 1 (TRPA1) via methylglyoxal-a metabolite of glucose-has been demonstrated in DRG neurons (9, 16) . In addition, upregulation of high voltage-activated calcium currents in sensory neurons in diabetic rats via G-proteins may underlie their diminished responsiveness to opioids (17, 18) .
It is likely that multiple signaling pathways targeting nociceptive ion channels may work in concert to promote hyperexcitability of sensory neurons and contribute to hyperalgesia, allodynia, and spontaneous pain in patients with PDN. It is hoped that future efforts in targeting these pathways may lead to novel and safer pain therapies in patients with diabetes.
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